This letter provides clear insight into the interplay between electron and hole characteristics of carriers within the forbidden gap during the band-to-band tunneling process, taking graphene-nanoribbons as an example. Accurate numerical models are presented and analytical formulas for tunneling probabilities are derived for both source/drain to channel and direct source-drain tunneling based on the Wentzel-Kramers-Brillouin ͑WKB͒ method. It is shown that not considering the electron-hole duality can lead to significant errors in numerical calculations, and more importantly, lack of proper understanding of the phenomenon gives rise to seriously misleading conclusions. Furthermore, the regime of validity of the WKB approximation for graphene-nanoribbon tunnel-field-effect-transistors is discussed in light of the electron-hole duality concept. © 2010 American Institute of Physics. ͓doi:10.1063/1.3528338͔
Recently, the tunnel-field-effect-transistors ͑TFETs͒, employing band-to-band tunneling ͑BTBT͒, have attracted a lot of attention [1] [2] [3] [4] [5] [6] due to their steep subthreshold slope characteristics. Though rigorous quantum mechanical treatment of tunneling can be achieved through the nonequilibrium Green's function ͑NEGF͒ formalism, computationally efficient models are required for fast calculations. WKB approximation provides such a tool, through which the transmission coefficient can be calculated from the wave-vector, which is dependent on the type of barrier. Often the barrier for tunneling is considered to be E C -E, 1,2,7-11 which is the barrier for electrons, or E-E V , 12 which is the barrier for holes. Such consideration is not only conceptually incorrect but can also lead to substantial errors in numerical calculations, as shown in this paper.
An analytical formula for the wave-vector within the forbidden gap has been developed by Kane 13 with the assumption of identical effective masses for electrons ͑m e ‫ء‬ ͒ and holes ͑m h ‫ء‬ ͒. However, a common incorrect use of Kane's formula when m e ‫ء‬ and m h ‫ء‬ are significantly different [3] [4] [5] arises from the lack of appreciation of the electron-hole participation during the tunneling process. The reduced mass 14, 15 gives equal weight to electron and hole contributions to tunneling, which is also not correct since the proportion should obviously depend on the respective effective masses. Flietner's formula 16 is applicable for m e ‫ء‬ m h ‫ء‬ and reduces to that of Kane for m e ‫ء‬ = m h ‫ء‬ , but it has been developed specifically for materials with parabolic band-structures. For graphene based materials with nonconventional band-structures, tunneling probability for constant force has been reported 17 using the simplified E-k relation. However, lack of perception of electron and hole interplays has led to incorrect conclusions. 17 In this letter, we illustrate the electron-hole duality ͑EHD͒ within the forbidden gap during the BTBT process taking a graphene-nanoribbon ͑GNR͒ TFET as an example. The dispersion relation of GNRs can be derived from the mode space Hamiltonian as
where t 0 = −2.77 eV, a is the C-C bond length, and t n is related to the quantized y directed wave-vector k yn , 19 as t n = t 0 ͓1 + exp͑i ͱ 3k yn a / 2͔͒ giving rise to a bandgap of E G =2 ͱ t 0 2 + t n 2 −2t 0 t n . Under the influence of two different forces, as shown in Fig. 1͑a͒ , the barrier for electrons ͑E C -E͒ and holes ͑E-E V ͒ is different and thus would lead to different tunneling probabilities. Let us first consider only electron tunneling, in which case we can write ͱt 0
Here, the subscript x for the wave-vector ͑k e ͒ has been dropped for convenience and henceforth any k used will refer to the x directed momentum. x = 0 and x = x 0 are defined as the turning points at which E C = E and E V = E, respectively, as shown in Fig. 1͑a͒ . Thus E C -E increases from 0 to E G as x increases from 0 to x 0 . However, an interesting situation occurs for E C -E Ͼ E G / 2 for which we observe that the square root term on the left hand side of Eq. ͑1͒ becomes negative, a͒ Authors to whom correspondence should be addressed. Electronic addresses: deblina@ece.ucsb.edu and kaustav@ece.ucsb.edu. which is unphysical. The reason is the following. Let us define the point at which E C -E = E G / 2 as x = x t . From 0 to x t , the barrier for electrons is less than that for holes, and hence the electron properties should dominate. However, for x Ͼ x t , the situation reverses and the use of the equation for electron tunneling in this region gives rise to the unphysical situation. The correct equations considering electron-hole duality are
Using the WKB approximation, the effective tunneling probability ͑T EHD ͒ can then be written as
In Fig. 1͑b͒ , the EHD within the forbidden gap is illustrated. An analytical formula for the tunneling probability in case of a constant force can be derived by assuming a simplified conical dispersion relation near the Dirac points. 21 Employing the EHD concept we can write
For a constant force, the transition point occurs in the middle, i.e., x t = x 0 / 2. Using Eqs. ͑3͒ and ͑4͒ we obtain
It is instructive to note that due to some miscalculations, Jena et al. 17 arrived at the same expression for the tunneling probability as in T EHD above, even after using a triangular barrier ͑i.e., barrier only for electrons͒, which led to completely erroneous conclusions in the comparison between GNR and III-V based TFETs. However, the error does not arise because of the reason offered by Vandenberghe et al., 22 who attributed the assumption of parabolic nature of band-structure in the entire Brillouin zone to be the cause. The root of the error is due to the fact that Jena et al. 17 compared the tunneling probability improperly derived with the consideration of electron barrier of GNRs with the T electron of III-V materials. Figure 2 shows the tunneling probability for the case of a constant force ͓e.g., F 1 = F 2 = F in Fig. 1͑a͔͒ applied to the GNR. The EHD model shows close match with the rigorous quantum mechanical simulation using NEGF. Use of the barrier of the form given by Flietner in Eq. ͑1͒ or consideration of either electron or hole tunneling can give rise to significant errors.
To take into account the tunneling between source ͑or drain͒ and channel in a TFET, the band bending can be approximately taken to be that due to a constant force. However, this approximation is not valid for the case of direct tunneling between source and drain ͓Fig. 3͑a͔͒. Figure 3͑b͒ shows the accuracy of the EHD model in calculating the direct source-to-drain tunneling probability. Here, we also derive an analytical expression for it. For that we divide the area between the drain and source into three distinct regions ͓R 1 , R 2 , and R 3 in Fig. 3͑a͔͒ . We assume constant force F 1 and F 3 in the drain-channel ͑R 1 ͒ and source-channel ͑R 3 ͒ junction, respectively. We assume the bands in the region ͑R 2 ͒ between R 1 and R 3 to be flat. Now using the EHD model, we can find the wave-vector in the three regions, and the tunneling probability ͑T SD ͒ can be written as
͑5͒
It is to be noted that the lengths of integration in R 1 ͑x 1 ͒ and R 3 ͑x 3 ͒ are energy dependent. To find x 1 , we note from Fig.  3͑a͒ that traversing from A-B-C brings us to the same energy. To find x 3 , we move along M-N-O-P. Hence we can write
͑a͒ Tunneling probability as a function of the applied force. T electron͑/hole͒ is calculated using the effective mass approximation ͑Ref. 20͒ ͓as the use of E-k relation for either electron ͑hole͒ tunneling gives rise to the unphysical situation͔, taking E C -E ͑E-E V ͒ as the barrier. It is clear that using only the electron or the hole barrier leads to considerable deviations from NEGF calculations. 3 . ͑a͒ Band-structure during direct tunneling between source and drain in a GNR TFET. E G is taken to be 0.27 eV and F 1 = F 2 =24 MV/ m. ͑b͒ Tunneling probability as a function of the energy level E shown in ͑a͒. The EHD model, expressed as Eq. ͑5͒, shows close match with the NEGF simulations. Consideration of either electron or hole tunneling underestimates the tunneling probability by several orders of magnitude, while the use of Flietner's formula leads to considerable overestimation of the same. All models have been numerically solved to provide meaningful comparison.
Let I 1 , I 2 , and I 3 represent the first, second, and third integrations in Eq. ͑5͒, respectively. Using Eqs. ͑2͒, ͑5͒, and ͑6͒ we derive the expressions for I 1 , I 2 , and I 3 and finally for the tunneling probability as
While the above analytical formulas can provide better physical insight, more accurate results can be obtained by using direct numerical solutions to Eq. ͑3͒ or Eq. ͑5͒, as employed in Figs. 2 and 3͑b͒ .
Finally, it is important to note that the large error in the tunneling probability attributed to the use of the WKB method 6 is mainly due to its improper use. It is shown here that with proper understanding of the EHD concept and use of accurate E-k relation, WKB can actually yield results in very good agreement with rigorous NEGF calculations. However, since the effective barrier for tunneling is reduced due to the interplay of both electrons and holes compared to that due to consideration of only one of them, it is important to know the regime of validity of the WKB method in light of the EHD concept. The WKB equation is derived under the condition that k −2 dk / dx Ӷ 1. It can be observed from Fig.  4͑a͒ that the required condition for WKB is not satisfied in the regions near the turning points and that this region expands with increasing force. However, it has been argued that the errors introduced by the use of WKB will not be significant for any arbitrary barrier given that the condition x 0 1/2 Ն 4 holds 23 where x 0 is the barrier width in Å and is the mean barrier height in eV. Since consideration of either electron or hole tunneling overestimates the tunneling barrier, it will also overestimate the regime of applicability of WKB while the actual case considering EHD is shown in Fig. 4͑b͒ , as a function of bandgap and applied force.
In summary, we have highlighted an underlying physical concept behind the BTBT process that has been mostly overlooked in literature. It has been shown that ignoring the dual nature of electrons and holes during the BTBT phenomenon can not only lead to substantially erroneous results but also to misleading conclusions. During the tunneling phenomenon, particles transit through a forbidden gap with imaginary wave-vectors. If only electron ͑hole͒ tunneling and thereby only the barrier for electrons ͑holes͒ are considered, it implies that the electron ͑hole͒ faces a barrier at the valence ͑conduction͒ band edge, and hence its wave-vector becomes imaginary there, which is unphysical because the wave-vector can be imaginary only within the bandgap and not on the valence/conduction band edge. Understanding the EHD concept is also vital for accurately determining the regime of validity of the WKB method and can thereby dispel criticisms that seem to have smeared its reputation. While all the results in this paper are presented for GNRs, the EHD concept is inherent to the physics of the BTBT process and hence is applicable to any other material. This work was supported by the National Science Foundation, Grant No. CCF-0811880. FIG. 4 . ͑a͒ The factor k −2 dk / dx, which we define as WKB validity ratio for different forces applied to a GNR ͑E G = 0.4 eV͒ as a function of the normalized distance between the two turning points. As force increases, the region where the validity condition is not satisfied increases. ͑b͒ Regime in which WKB can be used, as a function of E G . The projection of the points at which the curve for a particular bandgap intersects the line y =4; on the x-axis define the maximum force up to which WKB would be applicable for that bandgap.
